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In Brief
By establishing excitatory synapses with a large number of dentate granule cells, hilar mossy cells may contribute significantly to learning and epilepsy. Hashimotodani et al. report a novel form of LTP at these synapses that can critically alter dentate gyrus output.
INTRODUCTION
The dentate gyrus, the principal input region of the hippocampus, plays a key role in memory formation by transforming patterns of cortical inputs into new patterns of output to the CA3 area (Kesner and Rolls, 2015; Knierim and Neunuebel, 2016) . Although the cellular and synaptic basis of this transformation remains unclear, the two glutamatergic cell types in the dentate gyrus, granule cells (GCs) and hilar mossy cells (MCs), likely play a major role. GCs receive excitatory inputs from the entorhinal cortex via the perforant path (PP) and send excitatory output to CA3 pyramidal neurons via the mossy fibers (Amaral et al., 2007) . MCs mediate an intrinsic (or associative) excitatory loop, receiving powerful input from a relatively small number of GCs and providing highly distributed excitatory output to a large number of GCs (Amaral et al., 2007; Buckmaster and Schwartzkroin, 1994; Buckmaster et al., 1996; Scharfman and Myers, 2013) . In addition to the recurrent circuit, MCs also contact GABAergic interneurons, which mediate feed-forward inhibition onto GCs (Larimer and Strowbridge, 2008; Scharfman, 1995) . Although MCs were first identified over a century ago (Lorente De Nó , 1934; Ramó n y Cajal, 1911) , there are still significant gaps in our knowledge about their function (Scharfman, 2016) , and little is known about activity-dependent plasticity of their synaptic outputs.
MCs project their associational and commissural axons to the ipsi-and contralateral inner molecular layer (IML) of the dentate gyrus, where they synapse onto proximal dendrites of GCs (Scharfman, 2016; Scharfman and Myers, 2013) . Because of their proximity to the GC soma, MC-GC synapses are in an ideal position to influence the activity of GCs. Moreover, MCs not only contact GCs locally (same lamella) but also project widely along the longitudinal axis of the hippocampus, both septally and temporally from the point of origin (Amaral et al., 2007; Buckmaster et al., 1996) . It has been estimated that a single MC may innervate as much as 75% of the septotemporal axis (Amaral and Witter, 1989) and establish $35,000 synapses in the IML onto putative GC dendrites (Buckmaster et al., 1996) . The hippocampus is functionally heterogeneous along this axis; the dorsal/ septal hippocampus is primarily involved in spatial memory, while the ventral/temporal hippocampus is associated with emotional memory (Fanselow and Dong, 2010; Strange et al., 2014) . Thus, the translamellar projection of MCs could modulate GC activity throughout the hippocampus, thereby linking functionally diverse areas (Scharfman and Myers, 2013) . Based on the wide distribution of their axons along the septotemporal axis and remarkable divergence onto GCs, MCs likely play a major role in dentate gyrus information transfer. Furthermore, activity-dependent plasticity of MC-GC transmission is expected to have a significant impact on dentate-gyrus-dependent learning.
MCs, via their communication with GCs, have been implicated in various forms of learning and memory, including associative memory (Buckmaster and Schwartzkroin, 1994) , pattern separation (Myers and Scharfman, 2009) , and recall of memory sequences (Lisman, 1999; Lisman et al., 2005) . Additionally, MCs could contribute to temporal lobe epilepsy (Scharfman and Myers, 2013) , either by becoming overactive and driving GC firing (Ratzliff et al., 2002) , or by dying and reducing the magnitude of feed-forward inhibition (Sloviter, 1991) . While long-term synaptic plasticity has been thoroughly characterized at almost every connection of the classical ''trisynaptic'' excitatory circuit of the hippocampus (Bliss et al., 2007) , only a handful of in vivo studies, with mixed results, have explored the occurrence of long-term potentiation (LTP) at the MC-GC synapse (AlvarezSalvado et al., 2013; Bekenstein and Lothman, 1991; Hetherington et al., 1994; Kleschevnikov and Routtenberg, 2003; Steward et al., 1990 ) and, to our knowledge, no in vitro study has characterized any form of long-term plasticity at these synapses.
In this study, we report that repetitive activation of MC axons induces a robust form of LTP at MC-GC synapses whose induction, unexpectedly, is NMDAR independent. Remarkably, MC-GC LTP requires postsynaptic BDNF/TrkB and presynaptic cyclic AMP (cAMP)/PKA signaling. This form of LTP was selectively induced at the monosynaptic excitatory MC-GC pathway, but not at the feed-forward inhibitory pathway. By changing the excitation/inhibition (E/I) balance and modulating GC output, MC-GC LTP might contribute significantly to memory formation and also participate in temporal lobe epilepsy.
RESULTS

MC-GC Synapses Express Robust NMDA-ReceptorIndependent LTP
To investigate whether MC-GC synapses exhibit activity-dependent long-term plasticity, we first performed whole-cell patchclamp recordings from GCs in acute rat hippocampal slices (holding potential [Vh] = À60 mV, Cs + -based internal solution).
MC-induced excitatory postsynaptic currents (MC-GC EPSCs)
were elicited by extracellular stimulation in the IML of the dentate gyrus in the presence of 100 mM picrotoxin to block fast inhibitory synaptic transmission ( Figure 1A ) (Chiu and Castillo, 2008) . Repetitive activation of MC axons with brief bursts (5 pulses, 100 Hz, repeated 50 times every 0.5 s) triggered robust LTP of MC-GC EPSCs ( Figure 1B ; 214% ± 16% of baseline, n = 18, p < 0.001, paired t test). To confirm the identity of the evoked EPSCs, we applied the mGluR2/3 agonist DCG-IV (1 mM), which selectively reduces transmission at neighboring medial perforant path to GC (MPP-GC) synapses (Macek et al., 1996) , but not MC-GC synapses (Chiu and Castillo, 2008) . The magnitude of MC-GC LTP showed strong dependence on the frequency of stimulation and number of bursts ( Figures 1C and 1D ). Importantly, similar patterns of MC activity that trigger LTP of MC-GC transmission have been recently reported in behaving mice and rats (Danielson et al., 2017; GoodSmith et al., 2017; Senzai and Buzsá ki, 2017) . We also found robust MC-GC LTP using a more physiological K + -based internal solution ( Figure S1A ; K + -based internal: 186% ± 18% of baseline, n = 7, p < 0.01), performing non-invasive extracellular field excitatory postsynaptic potential recordings (fEPSPs) ( Figure S1B ; fEPSPs 164% ± 10% of baseline, n = 6, p < 0.05, Wilcoxon signed rank test), in mouse hippocampal slices ( Figure S1C ; 186% ± 28% of baseline, n = 4, p < 0.05, paired t test), in the absence of picrotoxin while voltage clamping GCs at E Cl À ( Figure S1D ; 183% ± 19% of baseline, n = 7, p < 0.001, paired t test), and in the presence of the GABA B receptor antagonist CGP55845 (3 mM) ( Figure S1E ; 200% ± 27% of baseline, n = 5, p < 0.05, paired t test). Classical Hebbian LTP requires NMDA receptor (NMDAR) activation (Bliss et al., 2007) . To test whether MC-GC LTP in acute hippocampal slices also relies on NMDAR activation, we delivered the induction protocol in the presence of the NMDAR antagonist D-APV (50 mM). To our surprise, MC-GC LTP was intact ( Figure 1E ; 193% ± 21% of baseline, n = 12, p < 0.001, paired t test). Moreover, a pairing-protocol commonly used to trigger Hebbian LTP (i.e., presynaptic activity [200 pulses, 2 Hz] paired with postsynaptic depolarization to 0 mV) also induced MC-GC LTP, and this plasticity was equally induced in the presence of 50 mM D-APV ( Figure 1F ; control 180% ± 12% of baseline, n = 12, p < 0.001, paired t test; D-APV: 186% ± 28% of baseline, n = 7, p < 0.001, paired t test; control versus D-APV: p > 0.5, unpaired t test) or in the absence of postsynaptic depolarization (Vh = À60 mV) (Figure 1F; presynaptic [pre] only: 214% ± 21% of baseline, n = 8, p < 0.01, Wilcoxon signed rank test; control versus pre only, p > 0.17, Mann-Whitney U test). In contrast, and as expected for a Hebbian, NMDAR-dependent form of plasticity, D-APV blocked a pairing protocol-induced LTP at MPP-GC synapses ( Figure 1G ; control: 167% ± 6% of baseline, n = 6, p < 0.001, paired t test; D-APV: 99% ± 9% of baseline, n = 6, paired t test, p > 0.2; control versus D-APV: p < 0.001, unpaired t test), and this LTP was not observed in the absence of postsynaptic depolarization (pre only: 100% ± 3% of baseline: n = 5, p > 0.8, paired t test). Altogether, these results indicate that unlike MPP inputs, MC inputs onto GCs can express an NMDAR-independent form of LTP.
We next examined whether presynaptic burst activity alone, which triggers robust MC-GC LTP (as shown in Figures 1A  and 1B) , could also induce LTP at MPP-GC synapses. Unlike MC-GC synapses, this induction protocol did not trigger LTP of MPP transmission ( Figure 1H ; 92.4% ± 6.5% of baseline, n = 11, p > 0.2, paired t test). This observation, together with the contrasting NMDAR requirement ( Figures 1E-1G ), reveals fundamentally different induction rules at MC and MPP synapses. To examine whether MC-GC LTP is input specific, we placed two stimulating pipettes in the IML ($100 mm from the recorded GC) ( Figure 1I , left) in order to activate two MC inputs, and we delivered the LTP induction protocol to only one input, while the naive input served as control. We found that only the tetanized input showed LTP ( Figure 1I ; tetanized: 205% ± 15% of baseline, n = 5, p < 0.005, paired t test; naive: 101% ± 7% of baseline, n = 5, p > 0.4, Wilcoxon signed rank test; tetanized versus control: p < 0.05, Mann-Whitney U test), suggesting that signaling involved in MC-GC LTP did not spread to nearby naive MC-GC synapses. Thus, MC-GC LTP is an input-specific phenomenon. 
MC-GC LTP Is Expressed Presynaptically
MC-GC LTP was accompanied by significant decreases in paired-pulse ratio (PPR; baseline: 1.36 ± 0.05; LTP: 1.07 ± 0.05, n = 18, p < 0.001; paired t test) and coefficient of variation (CV; baseline: 0.33 ± 0.02; LTP: 0.22 ± 0.02, n = 18: p < 0.001; paired t test) (Figure 2A ), suggesting a presynaptic form of LTP expression (Castillo, 2012) . If MC-GC LTP is due to a long-lasting increase in glutamate release, both AMPAR-and NMDARmediated components of synaptic transmission are expected to show a similar degree of potentiation. To test this possibility, we simultaneously assessed these components by monitoring compound AMPAR/NMDAR EPSCs while voltage clamping GCs at À40 mV ( Figure 2B ) and measuring the AMPAR and NMDAR components at the peak and 40 ms post-stimulus, respectively. Under these recording conditions, both components were equally potentiated ( Figure 2B ; n = 9, p > 0.2, paired t test), suggesting an increase in glutamate release. Consistent with a presynaptic mechanism of expression, we found that MC-GC LTP elicited by minimal stimulation in IML ( Figure 2C ) was associated with a significant decrease in failure rate (Figures 2C and 2D; baseline: 53 2D ; baseline: À16.2 ± 3.7 pA; LTP: À32.0 ± 10.1 pA, n = 8, p < 0.01; Wilcoxon signed rank test). The increase in potency is likely due to the multiple contacts that a MC axon establishes with a GC (Buckmaster et al., 1996) , which allows for coincident release from multiple release sites. Importantly, the robust MC-GC LTP observed by minimal stimulation (292.1% ± 44.3% of baseline, n = 8, p < 0.01, paired t test) suggests that LTP induction does not necessarily require bulk, synchronous activation of MC axons but can occur as a result of more physiological activity. To discard the potential contribution of a postsynaptic mechanism of expression, we included botulinum toxin-B (BoTx) in the intracellular recording solution, a manipulation that blocks postsynaptically expressed LTP by preventing the SNAREcomplex-dependent delivery of new receptors to the synapse (Lledo et al., 1998) . BoTx was used at 5 and 500 nM, and data were merged, as no obvious difference was observed between these two concentrations. We found normal MC-GC LTP in BoTx-loaded GCs ( Figure 2E ; control: 196% ± 18% of baseline, n = 7; BoTx: 180% ± 8% of baseline, n = 9; control versus BoTx: p > 0.8, unpaired t test). BoTx activity was confirmed in interleaved slices by the reduction in AMPAR-mediated transmission in BoTx-loaded CA1 pyramidal cells ( Figure 2F ; control: 107% ± 8% of baseline, n = 12; BoTx: 57% ± 4% of baseline, n = 11; control versus BoTx: p < 0.001, unpaired t test) (L€ uscher et al., 1999) . Collectively, these results strongly suggest that MC-GC LTP is expressed presynaptically as a long-lasting increase in glutamate release.
MC-GC LTP Requires Postsynaptic BDNF/TrkB Signaling
We next sought to determine how exactly repetitive activation of MCs induces presynaptic, NMDAR-independent LTP. Group I metabotropic receptors (e.g., mGluR1/5 subtypes), which are likely activated by glutamate released during the LTP induction protocol, have been involved in some forms of presynaptic LTP (Anwyl, 2009 ). However, co-application of the mGluR1 antagonist LY367385 (100 mM) and the mGluR5 antagonist MPEP (4 mM) had no effect on MC-GC LTP ( Figure S2A ; n = 6, p > 0.3, Mann-Whitney U test), whereas in interleaved experiments, these antagonists blocked the inward current induced by the group I mGluR agonist DHPG ( Figure S2B ). These results indicate that MC-GC LTP does not require mGluR1/5 activation. Anatomical studies have shown a uniquely high expression of type 1 cannabinoid receptors (CB 1 ) in the IML (Katona et al., 2006; Monory et al., 2006; Uchigashima et al., 2011) , and consistent with these studies, MC-GC synapses show robust sensitivity to endocannabinoid signaling (Chiu and Castillo, 2008) . Recent evidence indicates that endocannabinoids can mediate presynaptic forms of LTP whose induction requires CB 1 activation both at the lateral perforant path to GC (LPP-GC) synapse in the dentate gyrus (Wang et al., 2016) and at the Schaffer collateral to CA1 pyramidal cell synapse (Gó mez-Gonzalo et al., 2015) . However, MC-GC LTP in the presence of the CB 1 inverse agonist AM251 (4 mM) was indistinguishable from interleaved control experiments ( Figure 3A ; control: 182% ± 14% of baseline, n = 5, p < 0.01, paired t test; AM251: 188% ± 14% of baseline, n = 5, p < 0.01, paired t test; control versus AM251: p > 0.7, unpaired t test). As expected (Chiu and Castillo, 2008) , AM251 blocked CB 1 -mediated depolarization-induced suppression of excitation (DSE) at MC-GC synapses ( Figure S2C ; n = 4, p < 0.001, unpaired t test). These findings indicate that unlike the LTP reported at LPP-GC synapses, MC-GC LTP is a CB 1 -receptor-independent phenomenon. Another unique property of the IML is the high expression levels of brain-derived neurotrophic factor (BDNF) (Conner et al., 1997; Dieni et al., 2012; Yan et al., 1997b) , a trophic factor widely involved in long-term synaptic plasticity throughout the brain (Edelmann et al., 2014; Lu et al., 2014) . In the developed brain, BDNF preferentially activates TrkB receptors (Minichiello, 2009; Park and Poo, 2013) , which are expressed in GCs (Donovan et al., 2008; Drake et al., 1999; Yan et al., 1997a) . We therefore investigated the role of BDNF/TrkB signaling in MC-GC LTP in three ways. First, bath application of K252a (15 mM), which inhibits TrkB kinase activity, significantly reduced MC-GC LTP ( Figure 3B ; control: 196% ± 15% of baseline, n = 11, p < 0.001, paired t test; K252a: 116% ± 7% of baseline, n = 10, p > 0.06, paired t test; control versus K252a: p < 0.01, unpaired t test). Second, bath application of the selective TrkB receptor antagonist ANA-12 (15 mM), an agent mechanistically distinct from K252a, which prevents BDNF binding non-competitively, abolished MC-GC LTP ( Figure 3C ; control: 202% ± 12% of baseline, n = 6, p < 0.001, paired t test; ANA-12: 116% ± 9% of baseline, n = 6, p > 0.1, paired t test; control versus ANA-12: p < 0.01, unpaired t test). Lastly, including the BDNF scavenger TrkB-Fc in the extracellular recording solution also significantly impaired MC-GC LTP, but not the human immunoglobulin G (IgG) that was used as control ( Figure 3D ; control: 203% ± 7% of baseline, n = 6, p < 0.001, paired t test; TrkBFc: 108% ± 21% of baseline, n = 6, p > 0.7, paired t test; control versus TrkB-Fc: p < 0.005, unpaired t test). Taken together, these three observations strongly suggest that repetitive activation of MC axons likely releases BDNF, which induces MC-GC LTP by activating TrkB receptors.
To investigate a potential role of postsynaptic TrkB receptors in MC-GC LTP, we selectively and conditionally knocked out the TrkB receptor from postsynaptic GCs by stereotaxically injecting adeno-associated virus (AAV) containing Cre recombinase (AAV5.CamKII.GFP-Cre) or GFP only (AAV5.CamKII.eGFP) into the dentate gyrus of adult TrkB-floxed mice. The viral vectors were strongly expressed in GCs (dorsal blade), but not in the hilus ( Figure 3E ), strongly suggesting that Cre-mediated recombination, and thus TrkB receptor knockout, was solely postsynaptic. We recorded from GFP + GCs ( Figure S2D ) and found that MC-GC LTP was abolished in CRE-GFP + GCs (TrkB cKO), but it was normal in GFP + GCs (control) ( Figure 3F ; TrkB cKO: 90% ± 7% of baseline, n = 5, p > 0.2, paired t test; control: 158% ± 9% of baseline, n = 8, p < 0.001, paired t test; TrkB cKO versus control: p < 0.001, unpaired t test). These results indicate that postsynaptic TrkB receptors are necessary for MC-GC LTP, further supporting a role of BDNF/TrkB signaling in this form of plasticity.
To determine whether BDNF is sufficient to trigger MC-GC LTP, we bath applied recombinant human BDNF (8 nM) for 15 min. This manipulation induced long-lasting increase in MC-GC EPSC amplitude, but not MPP-GC EPSC, recorded from the same GC ( Figure 4A ; MC-GC: 190.9% ± 15.8% of baseline, n = 5, p < 0.01, paired t test; MPP: 101.4% ± 7.6% of baseline, n = 5, p > 0.85, paired t test; MC versus MPP: n = 5, p < 0.001, unpaired t test). Like synaptically induced LTP (Figure 2A ), BDNF-induced LTP of MC-GC transmission was accompanied by a significant decrease in PPR and CV ( Figure 4B ), suggesting a presynaptic mechanism. Puffing BDNF (8 nM) in IML also induced long-lasting potentiation of MC-GC transmission, and this potentiation was abolished in the presence of the TrkB receptor antagonist ANA-12 (15 mM) ( Figure 4C ; MC-GC: 149% ± 5% of baseline, n = 13, p < 0.001, paired t test; MC-GC in ANA-12: 97% ± 6% of baseline, n = 5, p > 0.55, paired t test). In contrast, puffing BDNF onto middle molecular layer (MML), the MPP synaptic field, had no effect on MPP-GC medial transmission ( Figure 4C ; MPP-GC: 100% ± 6% of baseline, n = 7, p > 0.7, paired t test). The LTP induced by BDNF puffs was also accompanied by significant decreases in PPR and CV (Figure 4D) , and it was rapidly established compared with BDNF bath application ( Figure 4A ), presumably due to a faster effective concentration reached by the local application of BDNF. Lastly, puffing BDNF on IML increased the frequency, but not amplitude, of spontaneous EPSCs (sEPSCs) (Figures 4E and 4F) in an ANA-12-sensitive manner (Figures 4G and 4H) , further supporting the idea that BDNF-induced LTP is likely due to an increase in release probability. Thus, transient activation of postsynaptic TrkB receptors by BDNF is sufficient to trigger a longlasting increase in glutamate release at MC-GC synapses.
cAMP/PKA Signaling Is Necessary and Sufficient for MC-GC LTP Presynaptically expressed forms of LTP commonly require cAMP/PKA signaling (Castillo, 2012) . To test whether this metabolic cascade could also be involved in MC-GC LTP, we first examined the effect of the PKA inhibitor H89 (10 mM). We found that MC-GC LTP was abolished in the presence of this inhibitor ( Figure 5A ; 113% ± 12% of baseline, n = 6, p < 0.05 compared to control LTP in interleaved slices, Mann-Whitney U test). To determine the potential contribution of postsynaptic PKA activity in LTP, we included the membrane-impermeable PKA inhibitor PKI 6-22 peptide (2.5 mM) in the internal recording solution. Loading GCs with PKI 6-22 did not prevent MC-GC LTP (Figure 5B ; 177% ± 19% of baseline, n = 5, p > 0.4 compared to control LTP in interleaved slices, Mann-Whitney U test). In contrast, intracellularly loaded PKI 6-22 abolished the ability of the PKA activator Sp-cAMPS to inhibit the slow afterhyperpolarization (AHP) (I AHP ) in CA1 pyramidal neurons (Pedarzani and Storm, 1993) (Figure S3A ; control: 39.0% ± 5.9% of baseline, n = 5; PKI: 87.6% ± 12.6% of baseline, n = 4; control versus PKI: p < 0.05, unpaired t test). Together, these results strongly suggest that MC-GC LTP requires presynaptic, but not postsynaptic, PKA activity.
To test whether PKA activation is sufficient to trigger long-lasting potentiation of MC-GC transmission, we bath applied the adenylyl cyclase activator forskolin (FSK) for 10 min (50 mM) while monitoring MC and MPP EPSCs in the same GC. FSK elicited robust long-lasting potentiation of MC-GC EPSCs (FSK-LTP) but only weak potentiation of MPP EPSCs ( Figure 5C ; MC: 203% ± 20% of baseline, n = 8, p < 0.005, paired t test; MPP: 136% ± 11% of baseline, n = 8, p < 0.05, paired t test). Like synaptically induced MC-GC LTP (Figure 2A ), FSK-LTP of MC EPSCs was associated with significant reductions in PPR and CV ( Figure 5C , right), suggesting a presynaptic expression mechanism. Consistent with this mechanism, we found that FSK had no effect on GC responses elicited by brief puffs of glutamate in the IML, a manipulation that selectively assesses postsynaptic sensitivity by shortcutting transmitter release, whereas electrically induced EPSCs in the same GC were strongly potentiated ( Figure S3B ). Moreover, FSK application increased the frequency, but not the amplitude, of asynchronous synaptic events recorded in the presence of strontium and elicited by stimulation in the IML ( Figure S3C ; n = 7, frequency: p < 0.001, Kolmogorov-Smirnov test). Collectively, these results indicate that FSK-LTP of MC-GC transmission, like synaptically induced MC-GC LTP, is likely due to an increase in glutamate release probability. Lastly, we found that MC-GC LTP and FSK-LTP occlude each other: synaptically induced MC-GC LTP was significantly reduced in FSK-pretreated hippocampal slices (50 mM, 10 min) ( Figure 5D ; 120% ± 13% of baseline, n = 6; p < 0.01 compared to control LTP in interleaved slices, MannWhitney U test), and FSK application induced only a transient potentiation at MC-GC synapses expressing LTP (Figure 5E ; 118% ± 14% of baseline, n = 5, p > 0.05, paired t test). The fact that MC-GC LTP and FSK-LTP occlude each other indicates that these forms of plasticity share a common mechanism, further supporting the notion that presynaptic cAMP/PKA signaling mediates MC-GC LTP.
Our results thus far indicate that both BDNF/TrkB and cAMP/ PKA signaling are involved in MC-GC LTP. We therefore sought to determine potential interactions between these signaling cascades. We found that the cell-permeant PKA inhibitor myristoylated PKI 14-22 peptide (1 mM) abolished BDNF-induced LTP in interleaved slices ( Figure 5F ; PKI 14-22 : 95% ± 10% of baseline, n = 4; control: 152% ± 5% of baseline, n = 6; PKI 14-22 versus control: p < 0.001, unpaired t test). In contrast, FSK-LTP was indistinguishable in TrKB-cKO GCs from control GFP GCs ( Figure 5G ; TrkB cKO: 143% ± 7% of baseline, n = 6; control: 145% ± 14% of baseline, n = 5; PKI versus control: p > 0.7, unpaired t test). These findings, together with our previous results (Figures 3, 4 , 5A-5E, and S3), strongly suggest that cAMP/PKA signaling mediates MC-GC LTP downstream of BDNF/TrkB signaling.
Optogenetic Activation of MCs Is Sufficient for MC-GC LTP Induction
In addition to MC axons, electrical stimulation in the IML likely recruits neuromodulatory fibers (Leranth and Hajszan, 2007 ) and other glutamatergic axons, including ipsilateral projections from CA3 pyramidal neurons (Amaral et al., 2007) . To test whether activation of MC inputs alone is sufficient for LTP induction, we employed an optogenetic approach that selectively activates MC inputs (Chancey et al., 2014; Hsu et al., 2016; Kumamoto et al., 2012) . Most anatomical evidence indicates that contralateral inputs to the IML mainly, if not exclusively, arise from MCs (Amaral et al., 2007) . Taking advantage of this MC commissural projection, we stereotaxically injected AAV carrying channelrhodopsin-2 with the H134R mutation AAV-hSynhChR2(H134R)-EYFP or AAV-hSyn-ChIEF-citrine into the ipsilateral hilus ( Figure 6A ), and we observed robust expression of these viral vectors in the IML of the contralateral dentate gyrus (Figures 6B-6E ). We performed whole-cell voltage-clamp recordings from GCs of contralateral slices and confirmed that blue light pulses delivered through the 403 immersion objective ( Figure 6F ) evoked tetrodotoxin (TTX)-sensitive inward currents in the presence of picrotoxin ( Figure 6G ). These currents are optically evoked EPSCs (O-EPSCs), as indicated by their typical waveform and sensitivity to the ionotropic glutamate receptor antagonists NBQX and D-APV ( Figure 6G ). Like electrically evoked MC EPSCs (Figure 1) , O-EPSCs were insensitive to DCG-IV ( Figure 6H ; 105% ± 10% of baseline, n = 5, p > 0.5, paired t test), indicating that optical stimulation spares MPP inputs. As previously reported for electrically evoked MC EPSCs (Chiu and Castillo, 2008; Monory et al., 2006) , bath application of the CB 1 agonist WIN 55,212-2 suppressed O-EPSCs (Figure S4A ; 46.2% ± 10.3% of baseline, n = 5, p < 0.005, paired t test). In addition, as for electrically evoked MC EPSCs ( Figure S2C ), DSE was observed by monitoring O-EPSCs, and it was also blocked by the CB 1 inverse agonist AM251 (4 mM) ( Figure S4B ; control: 58.1% ± 8.8% of baseline, n = 8, p < 0.01; AM251: 95.2% ± 8.2% of baseline, n = 8, p > 0.05; control versus AM251: p < 0.001, unpaired t test). All these properties let us conclude that O-EPSCs recorded in GCs are indeed mediated by commissural MCs. We next examined whether optically activated MC-GC synapses could undergo long-term plasticity. MC-GC LTP requires repetitive activation of MC axons at 30 Hz or higher ( Figure 1C) . However, such frequency stimulation was too fast for ChR2(H134R) to follow reliably ( Figure S4C ). To achieve high-fidelity optogenetic stimulation of MC axons, we employed ChIEF, a faster version of ChR2 (Lin et al., 2009) . Indeed, by using ChIEF and delivering 30-Hz bursts (instead of 100 Hz), we were able to reliably activate MC axon terminals throughout the LTP induction protocol (Figure 6I, top) . This induction protocol triggered robust LTP of O-EPSCs (Figure 6I , bottom; 163% ± 17% of baseline, n = 8, p < 0.01, paired t test), and like electrically induced MC-GC LTP (Figure 2A ), this LTP was accompanied by a significant reduction of PPR and CV ( Figure 6I, right) . As for electrically activated MC axons ( Figure 1F ), pairing O-EPSCs with postsynaptic depolarization triggered robust NMDAR-independent MC-GC LTP, and this plasticity was also accompanied by a significant change in PPR ( Figure S4D, right) . Lastly, FSK application (50 mM for 10 min) induced robust LTP ( Figure 6J ; 219% ± 35% of baseline, n = 6, p < 0.05, Wilcoxon signed rank test) that was accompanied by a significant decrease of PPR and CV ( Figure 6J , right). Altogether, our results clearly indicate that selective activation of MC axons is sufficient to induce LTP of MC-GC transmission and rule out the requirement of neuromodulatory fibers.
Selective LTP in MC-GC Synapses, but Not Feed-Forward Inhibition, Increases GC Output In addition to GCs, MCs also make synapses with GABAergic interneurons that contact GCs, thereby establishing a feed-forward inhibitory circuit ( Figure 1A) . While the net effect of MC activity (i.e., excitation or inhibition) onto GCs remains unclear (Scharfman and Myers, 2013) , MC-GC LTP could represent a dynamic way of changing the E/I balance in favor of excitation. To test this possibility, we first examined whether feed-forward inhibition could be observed by optically activating commissural MC axons ( Figure 7A, left) . In agreement with recent reports (Chancey et al., 2014; Hsu et al., 2016) , light activation of MC axons evoked biphasic responses in the absence of picrotoxin while voltage clamping GCs at À60 mV, ( Figure 7A ). The outward component of this current was abolished following bath application of NBQX and D-APV, indicating its disynaptic nature (Figure 7A ). In addition, the outward component was eliminated by picrotoxin ( Figure 7B ) or by voltage clamping GCs at À89 mV (zE Cl À in these experiments; data not shown). Thus, the most likely interpretation of these results is that optically evoked, disynaptic inhibitory postsynaptic currents (O-dIPSCs) are mediated by dentate gyrus interneurons indirectly activated by ChR2-expressing MC axons ( Figure 7A ( Figure 7C ; O-EPSC: 44.3 ± 7.3 pA, O-dIPSC: 41.1 ± 3.9 pA). In 4 out of 28 cells, we observed a small NBQX and D-APV resistant, but picrotoxin sensitive component of O-IPSCs ( Figure S5 ), which is presumably mediated by commissural monosynaptic inhibitory inputs from hilar interneurons (Bakst et al., 1986; Ribak et al., 1986) .
To test whether induction of MC-GC LTP could modify the E/I balance, we monitored optically induced, biphasic (excitatory/ inhibitory) synaptic responses under normal conditions (i.e., in the absence of drugs) and delivered an LTP induction protocol using repetitive optical stimulation. We found that this protocol induced robust LTP of O-EPSCs, but not O-dIPSCs ( Figure 7D ; O-EPSC: 164% ± 22% of baseline, O-dIPSC: 89.9% ± 7.7% of baseline, n = 7; O-EPSC LTP versus O-dIPSC LTP: p < 0.01, unpaired t test). Given that the peak amplitude of O-dIPSCs was influenced by potentiated O-EPSCs, we also analyzed off-peak amplitude of O-dIPSCs (30 ms after light stimulation; Figure 7D , dotted line) but found no potentiation either (109% ± 18% of baseline, n = 7). To exclude potential contamination of commissural direct inputs from hilar interneurons (as seen in Figure S5 ), NBQX and D-APV were applied at the end of the experiments, and only experiments in which these antagonists abolished synaptic responses (i.e., no evidence for monosynaptic IPSCs) were included in our analysis. To directly examine whether repetitive activation of MC axons could trigger plasticity at MC-interneuron synapses, we recorded O-EPSC from contralateral dentate gyrus interneurons whose somas were in the molecular layer and at the granule cell layer/hilus border ( Figure 7E ). The dendritic arbor and soma location of these interneurons, a main target of the commissural projection (Hsu et al., 2016) , were identified by intracellular loading of Alexa Fluor 594 (15 mM) and imaged under a two-photon microscope. These O-EPSCs were presumably monosynaptic as indicated by the short synaptic delay (3.3 ± 0.2 ms, n = 9) (Hsu et al., 2016) . We found that repetitive photostimulation of MC axons (5 pulses at 30 Hz repeated 50 times at 2 Hz) failed to induce any form of long-lasting plasticity at MC-interneuron synapses ( Figure 7E ; 103% ± 7% of baseline, n = 9, p > 0.9, paired t test). Altogether, these results indicate that the monosynaptic excitatory MC input, but not disynaptic feed-forward inhibition, expresses LTP.
Given the increase in E/I balance associated with the induction of MC-GC LTP and the close proximity of MC axon inputs to the GC soma, we predicted that selective potentiation of MC-GC synapses should increase action potential firing in GCs. To test this possibility, we monitored MC-induced burst firing in GCs before and after LTP induction. Under normal conditions (i.e., no drugs in the bath), we found that electrical, brief-burst activation of MC axons (5 pulses at 20 Hz, repeated every 20 s) failed to induce action potentials in GCs at a wide range of intensities (Figures 8A-8E ). The lack of synaptically induced firing can be attributed to the strong feed-forward and tonic inhibition (Coulter and Carlson, 2007; Scharfman and Myers, 2013) . In accordance with this notion, MC activation elicited action potentials in the presence of picrotoxin (Figures 8A-8C) . Remarkably, after a stable 10-min baseline in which MC burst stimulation triggered no spikes, we found that the MC-GC LTP induction protocol triggered a longlasting increase in burst firing as indicated by the appearance of one or more spikes per burst ( Figures 8D-8E and 8H ; spike probability; 33% ± 5%, n = 8, p < 0.05, Wilcoxon signed rank test). No significant changes in membrane input resistance and membrane potential were observed post-MC-GC LTP induction (R input : 105% ± 4% of baseline, n = 8, p > 0.1, paired t test; membrane potential [Vm]: baseline: À64.7 ± 0.7 mV; LTP: À64.9 ± 0.7 mV, n = 8, p > 0.5, paired t test). In addition, the long-lasting increase in burst firing was abolished when the LTP induction protocol was delivered in the presence of the PKA inhibitor H89 (10 mM) or the TrKB receptor antagonist ANA-12 (15 mM), two agents that also block MC-GC LTP (Figures 3C and 5A ). Taken together, these results indicate that by changing the E/I balance, MC-GC LTP increases GC output.
DISCUSSION
In this study, we demonstrate that MC-GC synapses, unlike other key excitatory synapses in the dentate gyrus, undergo an NMDAR-independent and presynaptically expressed form of LTP. To our knowledge, this report is the first one to show and characterize a mechanistically unique form of long-term plasticity at identified MC-GC synapses. Unexpectedly, we found that induction of MC-GC LTP requires postsynaptic BDNF/TrkB signaling and presynaptic activation of the cAMP-PKA cascade ( Figure S6 ). Moreover, this LTP is input specific and does not involve feed-forward inhibition mediated by MCs. As a result, selective LTP of MC-GC transmission changes the E/I balance, thereby leading to a long-lasting increase in GC output. By controlling information flow through the dentate gyrus, MC-GC LTP may contribute significantly to learning and temporal lobe epilepsy.
Excitation of GCs via Monosynaptic MC-GC Synapses
The precise role of MCs in normal function and disease has remained elusive mainly because of the difficulty in selectively manipulating these neurons and monitoring their activity in behaving animals (Scharfman, 2016) . Previous studies disagree on whether the net effect of MC activity on GCs is excitatory or inhibitory (Buckmaster and Schwartzkroin, 1994; Jinde et al., 2013; Ratzliff et al., 2002; Scharfman and Myers, 2013) . Acute ablation of MCs decreased GC excitability in rat hippocampal slices (Ratzliff et al., 2004) , whereas selective MC degeneration in mice increased dentate local field potential activity in vivo, suggesting that the net effect of MC excitation is to inhibit GC activity (Jinde et al., 2012) . Our findings in acute rat and mouse hippocampal slices indicate that the net effect of MCs on GC output is dynamically regulated. Under basal conditions, feed-forward inhibition and tonic inhibition (Coulter and Carlson, 2007; Scharfman and Myers, 2013) likely impose a high threshold for GC activation, and MC inputs may not be strong enough to generate spikes in GCs. However, the selective potentiation of MC-GC transmission may provide the necessary excitatory drive to overcome inhibition.
To trigger MC-GC LTP, we used burst stimulation of MC axons with activity patterns that can occur during exploratory behaviors in rodents (Danielson et al., 2017; GoodSmith et al., 2017; Senzai and Buzsá ki, 2017 ). An in vivo study in mouse reported that tetanization of ipsilateral PP induces LTP at the hilar associational pathway (putative GC-MC synapses), and this LTP is presumably an emergent property of the trisynaptic excitatory associative network (PP-GC-MC-GC) given that direct tetanization in IML failed to induce LTP of the associative pathway (Kleschevnikov and Routtenberg, 2003) . Another in vivo study showed that induction of PP-GC LTP leads to LTP of contralateral MC-GC synapses (Alvarez-Salvado et al., 2013) . Using voltage imaging in hippocampal slices, it has been reported that LTP of the GC-MC-GC loop can facilitate LTP at PP-GC synapses and by this way enable information transfer from entorhinal cortex to the CA3 area (Wright and Jackson, 2014) . It is therefore possible that induction of PP-GC LTP in vivo, presumably by increasing MC activity via GCs, facilitates the induction of MC-GC LTP. PP stimulation in acute slices induces persistent MC activity via glutamatergic neurons in the IML known as semilunar GCs (Larimer and Strowbridge, 2010) , and such activity could also contribute to the induction of MC-GC LTP in vivo.
Anatomical studies have shown that the IML of dentate gyrus receives projections from CA3 pyramidal neurons and neurons of the supramamillary nucleus of the hypothalamus (Amaral et al., 2007) , and several neuromodulatory fibers terminate in the dentate gyrus as well (Leranth and Hajszan, 2007) . By injecting AAV-ChR2(H134R) or -ChIEF into the hilus, we were able to successfully activate commissural MC axons with light, (H) Summary plot showing the spike probability under three different conditions. The increase in spike probability after application of the protocol was abolished either in the presence of 10 mM H89 or 15 mM ANA-12. Data are presented as mean ± SEM. *p < 0.05, **p < 0.01. n.s., not significant.
as recently reported by others (Chancey et al., 2014; Hsu et al., 2016; Kumamoto et al., 2012) . We activated commissural MC axons in acute hippocampal slices and simultaneously monitored MC-mediated monosynaptic excitation (e.g., O-EPSCs) and disynaptic inhibition (O-dIPSCs) in contralateral GCs (Figure 7) . Consistent with recent observations (Chancey et al., 2014) , we found comparable contribution of O-EPSCs and O-dIPSCs, supporting the notion that MCs can contribute significantly to GC excitation (Bekenstein and Lothman, 1991; Deadwyler et al., 1975; Hetherington et al., 1994; Jackson and Scharfman, 1996; Steward et al., 1977) . Importantly, although electrical stimulation in the IML may recruit non-MC axons, our findings using optogenetics indicate that activation of MCs is sufficient to induce LTP.
Mechanism of MC-GC LTP
LTP at the hilar associational pathway to dentate gyrus inputs (e.g., GC-MC-GC) was found in an early in vivo study in rat (Hetherington et al., 1994) , but not in other studies (Bekenstein and Lothman, 1991; Kleschevnikov and Routtenberg, 2003) . The commissural pathway (axonal projections mainly arising from contralateral MCs) also exhibited LTP, but only when inhibition was blocked by bicuculline (Steward et al., 1990) , consistent with a Hebbian form of LTP. A follow-up study demonstrated NMDAR-dependent LTP of the ipsilateral associational path (Hetherington et al., 1994) . Presumably based on these early studies, it has been commonly assumed that MC-GC synapses express classical NMDAR-dependent, Hebbian LTP (Lisman, 1999; Wright and Jackson, 2014) , although this possibility was never directly tested in vitro. Here, we report that MC-GC synapses express a presynaptic form of LTP whose induction does not require NMDAR activation. Consistent with the high expression levels of BDNF in the IML (Conner et al., 1997; Dieni et al., 2012; Yan et al., 1997b) and the presence of TrkB receptors in GCs (Donovan et al., 2008; Drake et al., 1999; Yan et al., 1997a) , we found that MC-GC LTP induction requires postsynaptic BDNF-TrkB signaling as indicated by a number of complementary manipulations: molecular inactivation of endogenous BDNF, pharmacological inhibition of TrkB signaling, and TrkB receptor deletion from GCs, each impaired MC-GC LTP. Moreover, we found that BDNF is necessary and sufficient to induce plasticity. Although our results suggest that BDNF is likely secreted presynaptically from MC axons, a postsynaptic contribution from neighboring GCs or glia cannot be discarded.
MC-GC LTP is likely due to a long-lasting increase in glutamate release as indicated by an associated reduction in PPR and CV and the potentiation of both AMPAR-and NMDAR-mediated components of synaptic transmission. Like other forms of presynaptic LTP in the brain (Castillo, 2012) , we found that presynaptic activation of cAMP/PKA is necessary and sufficient to induce MC-GC LTP. Chemical LTP induced by forskolin was also associated with a reduction in PPR and CV and an increase in the frequency, but not amplitude, of asynchronous events, strongly suggesting a presynaptic mechanism of expression. Further, BDNF-induced LTP requires downstream PKA signaling ( Figure 5F ), most likely at the presynaptic terminal, but forskolininduced LTP can occur in the absence of postsynaptic TrkB ( Figure 5G ). The requirement for postsynaptic TrkB signaling during induction and the presynaptic expression mechanism strongly suggests the involvement of retrograde signaling in MC-GC LTP. Although, the identity of the messenger(s) remains to be determined, it is unlikely to be released via exocytosis given that BoTx had no effect on this form of plasticity. The fact that presynaptic cAMP/PKA signaling is sufficient to trigger LTP of MC-GC transmission strongly suggests that the retrograde signal targets the presynaptic cAMP/PKA cascade. Future studies will have to determine the retrograde messenger, the signaling pathway that activates presynaptic cAMP signaling and the downstream PKA targets involved in the expression of MC-GC LTP.
At most excitatory synapses onto hippocampal principal cells, LTP is associative (Hebbian), NMDAR dependent, and expressed postsynaptically (Bliss et al., 2007) . A good example can be found at recurrent synapses between CA3 pyramidal cells, which establish an autoassociative loop in the hippocampus (Mishra et al., 2016) . In contrast, both MC-GC (this study) and GC-MC synapses express presynaptic, NMDAR-independent LTP (Lysetskiy et al., 2005) . It therefore appears that activity-dependent, long-term strengthening of the intrinsic GC-MC-GC excitatory loop mainly relies on presynaptic LTP. The functional significance for this mechanistically distinct form of synaptic strengthening at the GC-MC-GC loop is unclear and warrants further investigation.
Functional Relevance of MC-GC LTP
Growing evidence indicates that the functional interaction between GCs and MCs is a key component of the computation performed by the dentate gyrus (Scharfman, 2016) . The E/I balance shift following MC-GC LTP ( Figure 7D ) could potentially have a significant effect on how the dentate gyrus gates incoming information from the entorhinal cortex. Anatomically, the dentate is situated at an ideal location within the hippocampus to act as a gate, or filter, for incoming information (Hsu, 2007) . This property of the dentate gyrus arises, at least in part, from the GC's low firing rate, which creates a ''sparse coding'' system (Jung and McNaughton, 1993; Neunuebel and Knierim, 2012) . By increasing the likelihood that a GC will fire an action potential (Figure 8 ), MC-GC LTP could alter the degree of sparse coding of GCs, which could in turn dynamically regulate dentate computations and memory formation processes (McNaughton and Morris, 1987) .
MCs are unique among dentate gyrus neurons, because their axons extensively project along the septotemporal axis of the hippocampus (Amaral et al., 2007; Buckmaster et al., 1996) , thereby connecting functionally diverse hippocampal areas (Strange et al., 2014) . By increasing the connectivity between distant regions of the hippocampus, MC-GC LTP could enable or enhance computations that involve communication between septal and temporal hippocampal regions, thereby contributing to the formation of memories that require the conjunctive encoding of emotional (temporal) and spatial (septal) inputs.
Our findings support the ''granule cell association hypothesis'' of MC function (Buckmaster and Schwartzkroin, 1994) , in which MCs are able to excite GCs, making a positive-feedback loop (GC-MC-GC). Such a recurrent circuit may contribute to memory processing, including pattern separation (Myers and Scharfman, 2009 ), but may also be involved in maladaptive changes. It has been hypothesized that MCs with enhanced excitability (e.g. following a brain insult) contribute to hyperexcitability in temporal lobe epilepsy (irritable MC hypothesis) (Ratzliff et al., 2002; Santhakumar et al., 2000) . By activating GCs and the associated recurrent circuits in the dentate gyrus and CA3 area, MC-GC LTP could promote seizures. Moreover, MC-GC LTP could be a mechanism by which BDNF-TrkB signaling contributes to temporal lobe epilepsy (McNamara and Scharfman, 2012) . MCs could also play a role in sequence learning, where the CA3 area is an autoassociative network and the dentate gyrus is heteroassociative, involving the back projection from CA3 to dentate via MCs (Lisman, 1999; Lisman et al., 2005) . In this model, the dentate and CA3 regions work together to learn and recall sequences via associative loops. The coincident timing between the associative loops and feedforward inputs from the entorhinal cortex may result in LTP induction. Given that LTP at MC-GC synapses can occur in the absence of postsynaptic activity, we predict that the coincidence detection of the heteroassociative loop mainly relies on the CA3-MC connection. Future studies will have to investigate how exactly LTP at MC-GC synapses contribute to dentate-gyrus-dependent learning, including pattern separation, sequence learning, and epilepsy.
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